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Abstract 
We present a detailed study on the formation of full-area screen-printed aluminum-alloyed p+ emitters and back 
surface fields for n- and p-type silicon solar cells, respectively. We have investigated the structural properties of 
agglomerated Al-doped p+ Si regions which exhibit serious lateral thickness inhomogeneities. We refined an existing 
simple model based on wetting phenomena for the formation of agglomerated Al-p+ regions. According to the model, 
the thickness inhomogeneities are caused by the contraction of the Al-Si melt during alloying, leading to enhanced 
and decelerated Si recrystallization in the regions of melt accumulation and depletion, respectively. Furthermore, we 
demonstrate that the melt contraction can be delayed by carefully choosing adequate alloying conditions. In 
particular, agglomerations are avoided by increasing the printed Al paste amount or decreasing the peak temperature 
time or peak temperature, thus enabling a more flexible fabrication of Si solar cells with Al-alloyed rear side. 
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1. Introduction 
The formation of aluminum-doped p+ regions at the surface of silicon wafers by alloying of screen-
printed aluminum pastes has been focus of many studies [1-6] and is well known today. In short, Al 
alloying proceeds as follows: After reaching the Al melting temperature, the alloying process starts with 
Al liquidizing within the stable paste particle shells and Si dissolving from the surface into the Al melt 
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according to the binary phase diagram, thereby displacing Al atoms. Thus, Al diffuses to the solid silicon 
surface where an Al-Si lake is formed. At the peak temperature, the maximum Si concentration within the 
melt is reached. During cooling down afterwards, Si is rejected from the melt to recrystallize epitaxially 
at the solid silicon surface. Al atoms are thereby incorporated into the Si lattice, building the Al-doped p+ 
Si (Al-p+) region. At the eutectic temperature of 577°C, the remaining melt solidifies within a short 
period of time and forms the Al-Si eutectic with Si exhibiting a characteristic lamellar structure. At this 
moment, the alloying process is completed. In addition to the Al-Si eutectic within the paste particles, an 
eutectic layer of compact composition has formed on top of the Al-doped Si surface, which strongly 
affects the lateral conductivity of the rear contact [5]. 
Today, aluminum alloying is used for the formation of Al-doped p+ rear emitters and back surface 
fields (BSFs) of n- and p-type silicon solar cells, respectively [7, 8]. For optimizing these solar cell 
concepts, the properties of the Al-p+ region are highly important, as has been shown in experiments 
[3, 4, 8] and simulations [9]. Therefore, the Al alloying conditions have to be chosen carefully to enable 
the formation of a homogeneous Al-p+ region with adequate thickness. Exceeding a critical peak 
temperature time [4] or peak temperature [2] can easily result in the formation of Al-p+ regions with 
serious spatial thickness inhomogeneities. Though these inhomogeneous Al-p+ regions can have severe 
effects on the solar cell characteristics, there are only few studies addressing this issue [1, 2]. In this work, 
we therefore investigate the formation and structural properties of Al-p+ inhomogeneities in detail and 
refine an existing simple model for their formation, which is based on references [1] and [2]. 
2. Experimental 
In the course of this work, we have fabricated simple test samples using shiny-etched (100)-oriented 
float-zone silicon wafers with thicknesses of 250 µm. After wet-chemical cleaning, a commercially 
available non-fritted Al paste (Ferro Al 5540) was single-sided screen-printed onto the entire wafer 
surface and dried to remove the solvents. We have applied different Al paste amounts gAl, ranging from 
approximately 8 to 24 mg/cm2 after drying. Aluminum alloying for the formation of the Al-p+ region was 
carried out in a conveyor belt furnace applying peak temperature times tpeak from approximately 4 s to 
12 s and peak temperatures Tpeak of 880°C, 900°C and 920°C. tpeak and Tpeak thereby correlate with the Al 
alloying time and the maximum alloying temperature. Finally, the paste matrix and the Al-Si eutectic 
layer were removed in hydrochloric acid (HCl). To characterize the thickness, the homogeneity and the 
surface morphology of the Al-p+ regions, we have prepared high-quality cross-sections by ion beam 
polishing, which were examined using scanning electron microscopy (SEM) [3, 4]. 
3. Results and discussion 
3.1. Thickness inhomogeneities 
For n- and p-type Si solar cells featuring non-surface-passivated full-area rear Al-p+ emitters and back 
surface fields, respectively, the thicknesses of the Al-p+ regions directly affect the screening of electrons 
from the metalized, recombination-active rear surfaces. Consequently, the saturation current densities J0,Al 
of the Al-p+ regions decrease with their thicknesses, see Fig. 1 (a). For these solar cell concepts thick 
Al-p+ regions are, therefore, advantageous in order to improve the open-circuit voltages [3, 8, 9]. 
By adjusting the printed Al paste amount, the peak temperature time or the peak temperature for 
alloying [1, 3-5], the Al-p+ thickness can be adequately controlled. In Fig. 1 (b) the Al-p+ thickness, 
determined from cross-sectional SEM images, is shown as a function of peak temperature time. The 
longer  tpeak, the more Si  dissolves into  the molten  Al-Si and the  more Si recrystallizes  epitaxially when  
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Fig. 1. (a) Saturation current density of the Al-p+  region as a function of the thickness. (b) Thickness of the Al-p+ region as a 
function of the peak temperature time for an Al paste amount of 15 mg/cm2 and a peak temperature of 900°C. The error bars arise 
from thickness measurements at different positions on the samples, indicating a strongly inhomogeneous Al-p+ formation when 
exceeding a critical peak temperature time tcrit. 
cooling down [4, 5]. Therefore, by increasing tpeak, the Al-p+ thickness is increased, enabling higher open- 
circuit voltages of the solar cells. A closer examination of the Al-p+ homogeneity, however, quantified by 
the amplitudes of the Al-p+ thickness error bars, sets clear boundaries for the thickness optimization. 
When exceeding a critical peak temperature time tcrit, Al-p+ regions are formed, which show strong 
thickness variations. Within this work, these inhomogeneous Al-p+ regions are denoted as agglomerated 
Al-p+ regions. 
3.2. Structural properties of agglomerations 
We have investigated the structural properties of the Al-p+ regions to verify the reasons for the 
thickness inhomogeneities related to agglomerations. In Fig. 2 (a) an image of the paste surface of an 
agglomerated Al-p+ region is displayed, showing a characteristic pattern of circular cores, which are 
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Fig. 2. Agglomerated Al-p+ with paste matrix on surface after alloying for 10 s. Middle: Top view of the paste surface featuring a 
characteristic pattern of circular cores (denoted as area A) surrounded by darker areas (denoted as area B). Left: SEM image of an 
ion-beam-polished cross-section of area A showing the Al paste matrix and a 50–80 µm thick Al-Si eutectic layer including voids. 
In addition, the interface between the Al-doped p+ Si and the Si bulk is visible due to the potential contrast (dashed line) [10]. In 
area A, the Al-p+ region is relatively thick (15–40 µm) and exhibits large lateral inhomogeneities. Right: Cross-sectional SEM 
image of area B. Almost no Al-Si eutectic layer has formed and the Al-p+ region is shallow comprising thicknesses below 2 µm. 
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surrounded by darker areas. For simplicity, these areas are referred to as area A and area B, respectively. 
In ion-beam-polished cross sectional SEM images, Al and Si areas can be well separated, as Al 
appears clearly brighter than Si. Therefore, the compositions and thicknesses of the paste matrix, the 
Al-Si eutectic layer and the Al-doped p+ Si region can be investigated in detail. Within the circular cores 
of area A an Al-Si eutectic layer with thicknesses in the range of 50 to 80 µm has formed, which is 
mainly composed of pure Al enclosing Si lamellas, see Fig. 2 (b). The great eutectic layer thickness 
thereby indicates that during alloying a very thick Al-Si melt has been present in area A. This may cause 
two effects: (i) In addition to epitaxial Si recrystallization at the solid Si wafer surface, parasitic Si 
recrystallization occurs, clearly visible as large dark Si areas within the paste matrix and within the Al-Si 
layer. Due to the high amount of Al-Si melt, Si may be unable to diffuse to the Si wafer surface fast 
enough when being rejected from the melt during cooling down [5]. (ii) Voids within the Al-Si eutectic 
layer appear. These voids are well known from Al alloying on locally opened surface passivation layers, 
whereat high amounts of Al-Si melts are locally present as well [11]. Further work has to be done to 
clarify the precise formation mechanisms. Examining the Al-p+ region beneath the eutectic layer in area 
A, we have measured thicknesses in the range of 15 to 40 µm, thus showing severe thickness variations. 
In area B though, almost no Al-Si eutectic layer has formed and the Al-p+ region is shallow, comprising 
thicknesses well below 2 µm, see Fig. 2 (c). As the eutectic layer strongly affects the lateral conductivity 
of the contact, its low thickness may result in conductivity problems. Additionally, we have observed that 
the interface between the Al-p+ region and the Si bulk shows a gradient along the sample, rising from area 
A to area B and, thus, indicating that dissolving and recrystallization of Si has not been homogeneous. 
To enable a distinct characterization of the Al-doped p+ Si surface morphology, the paste matrix and 
the Al-Si eutectic layer were removed in HCl. Afterwards, the surface still features its characteristic 
circular pattern, see Fig. 3 (a). A cross-sectional SEM image of area A (Fig. 3 (b)) shows that the severe 
Al-p+ thickness inhomogeneities within this area result from large pyramids with height up to 20 µm, 
which are obviously formed due to preferential recrystallization in <111> direction of the Si crystal. The 
Al-p+ surface in area B, however, is covered by spherical particles with sizes of 1 to 15 µm, causing its 
matt appearance, see Fig. 3 (c). To further investigate the composition of the spherical particles, we have 
applied energy dispersive X-ray (EDX) spectroscopy. Thus, we could identify (i) the particles to be filled 
with Si and (ii) the particle shells to consist of aluminum oxide (AlOx) with thicknesses of 100 nm. The 
sizes of the particles as well as the composition and thickness of their shells lead to the conclusion that 
these particles had formerly been paste particles of the screen-printed Al paste [1]. Since no Al-Si eutectic 
layer has formed beneath them and they directly adhere to the Al-doped p+ Si surface, they were not  
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Fig. 3. Agglomerated Al-p+ surface after removal of the paste matrix and the eutectic layer. Middle: Top view image showing the 
characteristic pattern with area B appearing matt. Left and Right: Cross-sectional SEM images of area A and area B, resp. Within 
area A large Al-p+ pyramids have formed during recrystallization. The surface of area B, however, is still covered by residual 
spherical paste particles (see inset) causing the matt appearance. 
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removed by HCl etching. Additionally, during alloying the surface of the Al-Si melt is oxidized, resulting 
in an AlOx layer on top. Therefore, in areas without Al-Si eutectic layer, this AlOx layer directly covers 
the Al-doped p+ Si surface, thereby strongly affecting the etching behavior [4]. 
3.3. Model for the  formation of agglomerated Al-p+ regions 
By correlating the results on the spatial distribution of the Al-Si eutectic layer and the Al-p+ thickness 
with the investigations on the surface morphology, we have refined an existing simple model [1, 2] for the 
formation of the agglomerated Al-p+ regions. The model is based on wetting phenomena and is 
schematically illustrated in Fig. 4: 
(i)  Si wafer with screen-printed Al paste before firing. 
(ii)  By raising the temperature, the Al paste melts at 660°C and Si dissolves into the melt, leading to the 
 formation of a liquid lake on the wafer surface. Initially, the liquid is distributed homogeneously. 
(iii, iv) When this lake of Al-Si melt on the surface exceeds a critical thickness, it starts to contract to 
 minimize the interface tension between Al-Si liquid and solid Si wafer, leading to melt accumulation 
 and depletion. The cohesion of the paste matrix thereby exerts a force against the contraction of the 
 melt, since the contraction is automatically attended by the buckling of the paste matrix. Therefore, 
 the precise value of the critical thickness strongly depends on the specific alloying conditions and 
 will be further investigated in section 3.4. 
(v)  On cooling down, silicon is rejected from the melt and recrystallizes epitaxially on the wafer surface, 
 thereby incorporating Al doping atoms. As the accumulated regions effectively provide a higher 
 amount of Al-Si melt, the Al-p+ region growth is enhanced within these regions. The contraction of 
 the remaining liquid continues during cooling. 
(vi)  After reaching the eutectic temperature Teut = 577°C, the residual Al-Si melt solidifies, building a 
 compact Al-Si layer of eutectic composition on top of the Al-p+ region. In depleted areas though, the 
 retreat of the Al-Si melt inhibits the formation of such a compact layer. Instead, the Al-p+ region 
 grows inside the paste particle shells, that are located next to the surface. 
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Fig. 4. Model for the formation of agglomerated Al-p+ regions, based on [1, 2]. For description please refer to the text. 
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3.4. Avoiding agglomerated Al-p+ regions 
Since exhibiting severe lateral thickness inhomogeneities, it is beneficial to avoid agglomerated Al-p+ 
regions in silicon solar cells. By increasing the printed Al paste amount or decreasing the peak 
temperature, the critical peak temperature time tcrit, which was defined in section 3.1 as the value for the 
transition from homogeneous to agglomerated Al-p+ regions, can be considerably enhanced, see Fig. 5. 
This behavior can be explained as follows: By raising the peak temperature (for fixed Al paste amount), 
more Si dissolves into the Al-Si melt [5] and the thickness of the melt is enlarged, leading to enhanced 
melt contraction. Although increasing the printed paste amount results in an enlarged melt thickness as 
well, the melt has to buckle a considerably thickened paste matrix in order to contract. This can be 
observed by investigating the characteristic pattern of the circular cores. Increasing the printed Al paste 
amount leads to significantly enlarged core diameters [2], indicating that the force exerted by the 
cohesion of the past matrix against contraction is intensified. As the effect of hindered paste matrix 
buckling outweighs the effect of the increase in melt thickness, the contraction of the melt may be 
decelerated by increasing the printed Al paste amount. 
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Fig. 5. Critical peak temperature time tcrit as a function of the printed Al paste amount for peak temperatures of 880°C and 920°C. 
The tcrit values separate the conditions for homogeneous and agglomerated Al-p+ region formation. The applied maximum peak 
temperature time is approximately 12 s (dashed line). By increasing the printed paste amount or by decreasing the peak temperature, 
the critical peak temperature time can be considerably increased. For an Al paste amount of 25 mg/cm² and a peak temperature of 
880°C, no agglomerated Al-p+ regions were observed for the whole tpeak range. 
4. Conclusion 
In this work, we have further investigated the formation of Al-doped p+ Si regions applicable as rear 
emitters and back surface fields of n- and p-type Si solar cells, respectively, by alloying of full-area 
screen-printed Al pastes. We have shown that Al-p+ regions can exhibit severe lateral thickness 
inhomogeneities when exceeding a critical peak temperature time or temperature. By analyzing the 
structural properties of the alloyed regions in detail, we have refined an existing model for the formation 
of such Al-p+ inhomogeneities. This model is based on wetting phenomena and describes the thickness 
inhomogeneities to be caused by the fluctuating distribution of the Al-Si melt due to its contraction during 
alloying, leading to a laterally inhomogeneous Si recrystallization. We have demonstrated that the melt 
contraction can be delayed by increasing the printed Al paste amount or decreasing the peak temperature. 
As providing improved understanding of Al-Si alloying and the formation of uniform Al-p+ regions, the 
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results of this study can provide a valuable contribution to a more flexible fabrication of Si solar cells. 
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